Introduction {#sec1}
============

Since the first report of poly(*N*-isopropylacrylamide) (PNIPAM) used as a refolding additive in 1995, it has attracted increasing attention in protein renaturation.^[@ref1]−[@ref3]^ PNIPAM contains a hydrophobic vinyl backbone and pendant isopropyl side groups, which can suppress undesired protein aggregation and enhance protein refolding simultaneously.^[@ref3]^ Moreover, PNIPAM will exhibit a gradual phase transition from hydrophilic to hydrophobic property when the aqueous temperature is higher than its lower critical solution temperature (LCST). The gradual phase transition property of PNIPAM enables the polymer to be separated from solution after protein refolding using centrifugation.^[@ref4]^

To date, the reported PNIPAM polymers for protein renaturation have three physical forms: linear free chains, covalent cross-linking reversible gels and chains adsorbed or surface-grafted polymers.^[@ref5]^ In 2000, Lin et al. first demonstrated the effectiveness of linear PNIPAM in enhancing the renaturation of β-lactamase.^[@ref6]^ Lu et al. investigated the mechanism of PNIPAM-assisted refolding of lysozyme denatured by urea.^[@ref7]^ The results showed that PNIPAM with an appropriate molar mass preferentially forms the complex with denatured lysozyme, enriches the secondary structure, and therefore facilitates denatured lysozyme to refolding into the native structure. Cui et al. synthesized cross-linked PNIPAM hydrogels for the renaturation of lysozyme and bovine prothrombin-2.^[@ref8]^ Although the first two forms of PNIPAM polymers can effectively improve the refolding effect, there still exist some limitations in the application of protein renaturation.^[@ref5]^ As an example, the molar mass and its distribution of linear PNIPAM are difficult to control, resulting in the fluctuation of activity recovery. As for cross-linked PNIPAM hydrogels, the swelling rate is relatively slow due to their compact network structure, requiring a longer time to achieve the refolding equilibrium. In order to further improve the refolding effect of PNIPAM polymers, Ge et al. developed a type of particles with core--shell structure by grafting PNIPAM brushes onto polystyrene (PS) nanoparticles.^[@ref9]^ These particles had been shown to be quite efficient in assisting lysozyme renaturation at the initial protein concentration of 0.5 mg/mL. After lysozyme refolding, the nanoparticles should be recycled by centrifugal separation at 10,000 rpm for 10 min after heating up the solution until 37 °C for 15 min. This process still seems to be time consuming and laborious. Moreover, the authors did not investigate the effect of porous structures of particles on the protein refolding efficiency.

Nitrilase (EC 3.5.5.1), which catalyzes the hydrolysis of various nitriles to corresponding carboxylic acids and ammonia, has been recognized as a high commercial-value biocatalyst because of its high efficiency and eco-friendly transformation.^[@ref10]−[@ref12]^ In this regards, several nitrilases have been found in different sources, and some of these enzymes have been successfully applied in industries.^[@ref13]−[@ref15]^ Recently, our laboratory has identified a novel nitrilase from *Pannonibacter carbonis* Q4.6, whose conservative triplet catalytic sit "Glu-Lys-Cys" has changed into "Glu-Ser-Cys." To explore the properties of the enzyme, the gene encoding the nitrilase was cloned and expressed in *Escherichia coli* BL21 (DE3).^[@ref16]^ However, most of the expressed nitrilases formed inclusion bodies (IBs), which need to undergo refolding process to restore their bioactive structures.

In the present work, eight kinds of PS-P(NIPAM-*co*-BMA) microspheres with different particle sizes, pore sizes, and brush grafting amounts were prepared and used for refolding of recombinant nitrilase IBs from *E. coli*. The porous structure of this medium enables the refolding of protein not only on the outer surface of the microspheres but also in the gigapores, leading to a higher protein refolding efficiency and capacity. Furthermore, these microspheres can be easily separated by self-precipitation after protein refolding. To the best of our knowledge, this is the first report on the application of the thermoresponsive gigaporous medium in the protein refolding process.

Results and Discussion {#sec2}
======================

Characterization of P(NIPAM-*co*-BMA) Grafted PS Microspheres {#sec2.1}
-------------------------------------------------------------

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} presents eight kinds of PS-P(NIPAM-*co*-BMA) microspheres prepared under various conditions (stirring rate, Span 80 addition amount, and feed ratio of monomers). Three particle sizes of PS microspheres, that is, 92, 74, and 60 μm were obtained by adjusting the stirring rate of an agitator to 100, 150, and 200 rpm in the suspension polymerization, respectively. The particle size distributions of these particles can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf) (Figure S1). The effect of Span 80 in the preparation of PS microspheres is to form reverse micelles in the oil phase, and the reverse micelles then expand and aggregate to large water channels after adsorbing water from the outer water phase. After further polymerization, the macrophase separation between the water channel and microsphere skeleton will produce large pores in the particles. Consequently, the pore diameter of particles will increase with the addition amount of Span 80 within a certain range.^[@ref17]^ In this work, PS microspheres with small pores (2\#: 41 nm), middle pores (1\#: 90 nm, 3\#: 104 nm, and 8\#: 95 nm), and large pores (4\#, 5\#, 6\#: 320 nm) were fabricated by only changing the added amount of Span 80 in the oil phase. When the amount of Span 80 increased from 10 to 30 to 50% in turn, for example, the peak value of the pore size increased correspondingly from 41 to 104 to 320 nm in the pore diameter distribution curves of PS microspheres with middle pores ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Pore size distribution curves of PS microspheres prepared with various amounts of Span 80.](ao0c00432_0001){#fig1}

###### PS-P(NIPAM-*co*-BMA) Microspheres Prepared under Various Conditions

   entry[a](#t1fn1){ref-type="table-fn"}   amount of span 80[b](#t1fn2){ref-type="table-fn"} (%)   bromine density[c](#t1fn3){ref-type="table-fn"} (mmol/m^2^)   feed ratio[d](#t1fn4){ref-type="table-fn"}   particle size (μm)   pore size (nm)   specific surface area (m^2^g)   grafted polymer[e](#t1fn5){ref-type="table-fn"} (mg/m^2^)
  --------------------------------------- ------------------------------------------------------- ------------------------------------------------------------- -------------------------------------------- -------------------- ---------------- ------------------------------- -----------------------------------------------------------
                     1                                              30                                                        0.137                                                 25:1                              61                 90                     15.2                                          5.83
                     2                                              10                                                        0.131                                                 25:1                              74                 41                     12.3                                          3.89
                     3                                              30                                                        0.140                                                 25:1                              74                104                     13.9                                          6.36
                     4                                              50                                                        0.141                                                 25:1                              74                320                     19.6                                          16.5
                     5                                              50                                                        0.141                                                 40:1                              74                320                     19.6                                          35.6
                     6                                              50                                                        0.141                                                 10:1                              74                320                     19.6                                          1.41
                     7                                              50                                                        0.141                                                 55:1                              74                320                     19.6                                          47.8
                     8                                              30                                                        0.138                                                 25:1                              91                 95                     11.7                                          6.04

The stirring rates of the anchor-type agitator used for preparation of PS microspheres are as follows: 1\#, 200 rpm; 2\#--7\#, 150 rpm; and 8\#, 100 rpm.

The mass percentage ratio of Span 80 to monomer (styrene + divinylbenzene) in the recipes for PS microsphere preparation.

The bromine density was the ratio of the bromine content to specific surface area of PS microspheres.

The molar ratio of monomer (NIPAM + BMA) to ATRP initiator (the bromine content in microspheres).

The value is determined by element analysis.

In order to eliminate the effect of an atom transfer radical polymerization (ATRP) initiator amount on the grafting amount of polymer brushes, PS microspheres with similar bromine density were selected for further modification ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In a previous study, Okano et al. reported in their work that about 7.01% (the ratio of chain density to initiator density) of ATRP initiators immobilized on silica beads are effective.^[@ref18]^ Unfortunately, the chain densities of grafted polymers on PS microspheres are unavailable because the grafted polymers cannot be cleaved from the microspheres with hydrofluoric acid as polymers grafted on silica materials. Therefore, the amount of the grafted polymer (mg/m^2^) was in the place of chain densities (chains/nm^2^).^[@ref19]^ Although the real chain densities of grafted polymers are unknown, the bromine density can be referred to as a reference, that is, the grafting densities of polymer brushes for all particles are similar, and the molar mass of polymer brushes are proportional to their grafting amounts. In this work, it was found the grafting amounts of brushes on PS microspheres were affected by both the feed ratio and pore size of microspheres. In the same feed ratio, the grafted polymer brushes increased with the pore diameter of microspheres (2\#, 3\#, and 4\#). This indicates that the larger pore with less steric hindrance effect is beneficial for the grafting of longer polymer chains in the pores. For microspheres with various particle sizes and similar pore sizes (1\#, 3\#, and 8\#), their grafting amounts are also very close. The little differences come from different specific surface areas. For microspheres with the same pore size (4\#, 5\#, 6\#, and 7\#), the grafting amount of polymer brushes increased with the feed ratios, indicating that the length of polymer brushes grafted on PS microspheres increased correspondingly.^[@ref19]^

A previous study demonstrated that the collapse degree of end-grafted PNIPAM above the LCST depends on the chain grafting density and molar mass.^[@ref20]^ However, there was a sharp transition at 32 °C for all film thicknesses (polymer chain length), indicating that the LCST was the same within (±1 °C) for all films regardless of molar mass and grafting density. In another work, Kent et al. suggested that the conformation change of the tethered PNIPAM chains on silicon wafer, which were in relative low surface density, was very limited as the temperature increased above the LCST in D~2~O.^[@ref21]^ There is increasing evidence that the temperature-induced collapse of end-grafted PNIPAM depends on both the grafting density and molar mass of PNIPAM.^[@ref22]^ In this work, the LCST of free and end-grafted P(NIPAM-*co*-BMA) was evaluated by UV spectroscopy and differential scanning calorimetric (DSC), respectively. The LCST of free PNIPAM synthesized with the monomer ratio of 95:5 (NIPAM/BMA) was 31.3 °C, which is slightly lower than 32 °C due to the incorporation of hydrophobic PBMA into the copolymer ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf)). For the end-grafted P(NIPAM-*co*-BMA), the DSC curves of PS-P(NIPAM-*co*-BMA) microspheres with various grafting amounts were obtained within 5--55 °C. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows broad endothermal peaks around 34 °C for the three samples with small, medium, and high grafting amounts of polymer brushes. The peak temperature of the endothermal peak can be used as an index to represent the temperature for the phase transition.^[@ref23]^ That is, the end-grafted P(NIPAM-*co*-BMA) brushes have similar LCSTs regardless of their molar mass within the studied range, which is consistent with a previous report.^[@ref20]^ The onset point of the endothermal peak is commonly used to represent the LCST of PNIPAM.^[@ref23]^ Unlike cross-linked PNIPAM hydrogel grafted on the nonporous substrate,^[@ref24],[@ref25]^ however, no baselines can be found in the DSC curves of PS-P(NIPAM-*co*-BMA) microspheres, and the onset points of the endothermal peaks are unavailable. The possible reason lies that the porous structure of PS-P(NIPAM-*co*-BMA) microspheres, which contains some free water in the particle pores besides hydration water in polymer brushes, is formed by the hydrogen bond interaction. With increasing temperature, the continuous endotherm of free water results in the broad endothermal peaks. Although the precise onset points of the endothermal peaks are unavailable, the LCSTs of the end-grafted P(NIPAM-*co*-BAM) brushes are similar and should be lower than 34 °C (endothermal peak).

![DSC thermograms of the PS-P(NIPAAM-*co*-BMA) with various grafting amounts of polymer brushes (heating rate of 1.5 °C/min from 5 to 55 °C).](ao0c00432_0002){#fig2}

After grafting P(NIPAM-*co*-BMA) brushes, the average static contact angles of PS-P(NIPAM-*co*-BMA) microspheres decreased gradually with the increase of grafted polymers ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf)). Compared to native PS microspheres (118°), the contact angle of 7\# PS-P(NIPAM-*co*-BMA) microspheres with the maximum grafting amount of brushes (47.8 mg/m^2^) decreased by nearly 50% (61°). The hydrophilicity of PS-P(NIPAM-*co*-BMA) microspheres at 25 °C also increased gradually with the grafting amount of polymer brushes in comparison with PS microspheres ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf)). The hydrophilicity of 7\# PS-P(NIPAM-*co*-BMA) microspheres was 3.15 times that of PS microspheres. The thermoresponsive polymer brushes on PS microspheres not only can improve the biocompatibility of particles but also promise the necessary hydrophobicity for protein refolding.

In order to testify the collapse of end-grafted P(NIPAM-*co*-BMA) brushes above LCST, the effect of temperature on hydrophilicity of 5\# PS-P(NIPAM-*co*-BMA) microspheres was investigated ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The hydrophilicity (water content) of 5\# PS-P(NIPAM-*co*-BMA) microspheres first decreases slightly in the range of 20--30 °C, then ascends abruptly around 35 °C. After that, the hydrophilicity decreases slightly again. The density of water decreases with the increase of temperature. In addition, the evaporation rate of water at room temperature increases with incubation temperature. These two reasons are responsible for the slight decrease of hydrophilicity of 5\# PS-P(NIPAM-*co*-BMA) microspheres in the ranges of 20--30 and 35--50 °C. There is an abrupt rise in the hydrophilicity of 5\# PS-P(NIPAM-*co*-BMA) microspheres when the temperature increases from 30 to 35 °C, indicating that the collapse of end-grafted P(NIPAM-*co*-BMA) brushes happened, and therefore, the saved pore volume of microspheres contributed to the more water content in the particles.

![Hydrophilicity of 5\# PS-P(NIPAM-*co*-BMA) microspheres at various temperatures.](ao0c00432_0003){#fig3}

Scanning electron microscopy (SEM) images of before and after thermoresponsive polymer brushes grafting onto 5\# PS microspheres with gigapores can be seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. There is a hairy and gel layer on the surface of PS microspheres after grafting polymer brushes, whereas PS microspheres show a rough surface. In addition, the grafted P(NIPAM-*co*-BMA) brushes onto PS microspheres are homogeneous and do not block the gigapores, which is beneficial to the protein refolding.

![SEM images of 5\# PS microspheres before (a,b) and after (c,d) grafting P(NIPAM-*co*-BMA) brushes.](ao0c00432_0004){#fig4}

The composition change of PS microspheres before and after grafting was characterized by Fourier transform infrared (FT-IR) spectra ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf)). Typical peaks at 1680 and 608 cm^--1^ in the spectrum of bromoacetylated PS microspheres are ascribed to the C=O (connecting with benzene ring) and C--Br stretching vibration, respectively. After further grafting polymer brushes, there are some new peaks at 3327, 1725, 1643, and 1535 cm^--1^ in the spectrum of PS-P(NIPAM-*co*-BMA) microspheres, which were ascribed to the N--H stretching vibration (NIPAM), ester group stretching vibration (BMA), N--H out-of-plane bending vibration, and amide group stretching vibration, respectively.

Isolation of Nitrilase Inclusion Bodies {#sec2.2}
---------------------------------------

Nitrilase was expressed in *E. coli* BL21 (DE3) as 28 kDa protein, and most of them accumulated as IBs ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf)). About 406.3 mg of the total IB protein was obtained from 1 L culture, of which nitrilase was 198.2 mg with a purity of 48.8%. After purification with nickel-NTA column, 140.7 mg of nitrilase was recovered with a yield of 71.0% ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The purity of nitrilase used for refolding was about 96.5%, as determined from SDS-PAGE results.

###### Purification of Nitrilase from Inclusion Bodies

  purification step                                    total protein (mg)   nitrilase (mg)   yield (%)   purity (%)
  ---------------------------------------------------- -------------------- ---------------- ----------- ------------
  total cell lysates[a](#t2fn1){ref-type="table-fn"}   406.3                198.2            100         48.8
  solubilized in buffer C                              281.8                173.0            87.3        61.4
  after Ni-NTA column                                  145.8                140.7            71.0        96.5

About 6.2 g of wet-weight cells and total cell lysates containing 406.3 mg IB were obtained from 1 L culture.

Refolding of Nitrilase with P(NIPAM-*co*-BMA) Grafted PS Microspheres {#sec2.3}
---------------------------------------------------------------------

### Effect of Particle Size on Nitrilase Refolding {#sec2.3.1}

Particle size is one of the main structural features of P(NIPAM-*co*-BMA) grafted PS microspheres. Three kinds of microspheres (i.e., 1\#, 3\#, and 8\#, as listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) with different particle sizes and similar pore sizes were used to study their effect on nitrilase refolding. As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the pore size and brush grafting amount (mg/m^2^) of these microspheres were basically the same. The refolding yield of nitrilase as a function of the particle size is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. It can be seen that PS-P(NIPAM-*co*-BMA) microspheres can indeed assist nitrilase refolding, and the refolding yield decreases with the particle size increasing within the studied range. A previous report indicated that the adsorption of the hydrophobic refolding intermediates on the modified PS microspheres contributes to inhibit the formation of misfolded protein aggregates and perhaps induce the oriented alignment of protein molecules near the microsphere surface, thus enhance the refolding process.^[@ref5]^ Although the grafting amounts of P(NIPAM-*co*-BMA) are similar for 1\# (5.83 mg/m^2^), 3\# (6.36 mg/m^2^), and 8\# (6.04 mg/m^2^) microspheres ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), the specific surface area (m^2^/g) of the microsphere increased with the decrease of particle size, that is, the system with addition of smaller microspheres has higher amounts of grafted polymer brushes under the same feed mass of microspheres. This will result in the improvement of effective contact area in per unit volume between denatured nitrilase and thermoresponsive polymer brushes.

![Effect of the particle size of PS-P(NIPAM-*co*-BMA) microspheres on the refolding yield of nitrilase. Protein concentration was 1.0 mg/mL (0.1 mg/mL for no microspheres); refolding temperature was 30 °C.](ao0c00432_0005){#fig5}

The protein concentration is an important limiting factor in the protein refolding process because a high protein concentration would aggravate the precipitate formation.^[@ref26]^ The refolding yield of a simple dilution method is 36.5% at the initial nitrilase concentration of 0.1 mg/mL, and the value is only 21.4% at the initial nitrilase concentration of 1 mg/mL. After adding thermoresponsive microspheres, the refolding yield of nitrilase can be greatly improved at the initial protein concentration of 1.0 mg/mL, indicating that the presence of PS-P(NIPAM-*co*-BMA) microspheres can facilitate the protein refolding even at higher protein concentrations. The initial protein concentration in this system is twice as high as in thermoresponsive PS nanoparticle-assisted refolding of denatured lysozyme.^[@ref9]^ Considering the reactor volume, reagents cost, and productivity during the protein refolding process, a higher initial protein concentration is absolutely vital.

### Effect of Pore Size on Nitrilase Refolding {#sec2.3.2}

Although the results in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} show that small-sized microspheres are most effective in promoting protein renaturation, we found that it was difficult to produce the gigaporous structure in the small-sized microspheres. Even if such microspheres were synthesized, they could not meet the requirements of the application because of their poor mechanical strength and fragility. Therefore, to explore the effect of the pore size, nitrilase was refolded in the presence of PS-P(NIPAM-*co*-BMA) microspheres with different pores sizes at the medium particle size (i.e. 2\#, 3\#, and 4\#, as listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), and the results are given in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Effect of the pore size of PS-P(NIPAM-*co*-BMA) microspheres on the refolding yield of nitrilase. Protein concentration was 1.0 mg/mL (0.1 mg/mL for no microspheres); refolding temperature was 30 °C.](ao0c00432_0006){#fig6}

It is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} that the refolding yield of nitrilase increases with the pore size of PS-P(NIPAM-*co*-BMA) microspheres, and the refolding yield of nitrilase with addition of 4\# microspheres (pore size 320 nm) reaches 72.4%. As presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the grafting amount of polymer brushes increased with pore sizes of microspheres within the studied range. This means that PS-P(NIPAM-*co*-BMA) microspheres with the largest pore size can provide the maximum contact area in per unit volume between denatured nitrilase and thermoresponsive polymer brushes. Another possible reason could be the spatial effect. Native proteins have complex spatial structures, and the large pores have advantages in facilitating the refolding of some denatured linear protein molecules within the pores in comparison with microspheres with small pores.

### Effect of Brush Grafting Amount on Nitrilase Refolding {#sec2.3.3}

To examine the effect of brush grafting amounts on nitrilase refolding, 4\#, 5\#, 6\#, and 7\# microspheres, as listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, were employed. The grafting amounts of the microspheres are different (4\#, 16.5 mg/m^2^; 5\#, 35.6 mg/m^2^; 6\#, 1.41 mg/m^2^; and 7\#, 47.8 mg/m^2^), but their particle sizes (74 μm), pore sizes (320 nm), and specific surface areas (19.6 m^2^/g) are identical. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, an increase of the refolding yield of nitrilase occurs when the brush grafting amount increases from 1.41 to 35.6 mg/m^2^, and the maximum refolding yield is 84.5% for 5\# microspheres. This can be attributed to the fact that high grafting amount means high contact probability between polymer brushes and denatured proteins. When the brush grafting amount exceeds 35.6 mg/m^2^, the refolding yield of nitrilase is almost unchanged. This is probably because excess length of polymer brushes will increase mass transfer resistance, which is unfavorable for protein in and out of the pore.

![Effect of brush grafting amounts of PS-P(NIPAM-*co*-BMA) microspheres on the refolding yield of nitrilase. Protein concentration was 1.0 mg/mL (0.1 mg/mL for no microspheres); refolding temperature was 30 °C.](ao0c00432_0007){#fig7}

### Effect of Temperatrue on Nitrilase Refolding {#sec2.3.4}

After determining the optimal structural features of P(NIPAM-*co*-BMA) grafted PS microspheres, the effect of temperature on nitrilase renaturation was also investigated in the range of 20--50 °C ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). For comparison, the refolding using a simple dilution method (i.e., without adding microsphere) was also carried out. Obviously, the refolding yields of nitrilase with and without microspheres are both temperature dependent. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the dilution refolding yield of nitrilase decreases with the increase of temperature. While in the presence of microspheres, the yield increases at first after reaching its maximum value (84.5%) at 30 °C and then decreases to 50 °C. It has been reported that the dual effects of temperature on protein refolding, on one hand, the increase of temperature favors the formation of the disulfide bond. On the other hand, it increases the formation of aggregates, leading to a reduction in the refolding yield.^[@ref27]^ It seems that the formation of aggregates with the increase of temperature plays a dominant role for the dilution refolding method. However, the presence of thermoresponsive microspheres has an advantage in facilitating protein renaturation. For example, the yield is increased by 28.4% from 56.1% at 20 °C to 84.5% at 30 °C.

![Effect of temperature on the refolding of nitrilase with and without 5\# PS-P(NIPAM-*co*-BMA) microspheres. Protein concentration was 1.0 mg/mL (0.1 mg/mL for no microspheres).](ao0c00432_0008){#fig8}

The hydrophobic interaction between P(NIPMA-*co*-BMA) brushes and denatured protein will inhibit the formation of protein aggregates.^[@ref7]^ When the temperature is lower than LCST of polymer brushes, the hydrophilic feature of the polymer brushes is not in favor of the mutual hydrophobic interaction. Thus, the effect of promoting protein refolding is limited. When the temperature exceeds the LCST, the collapse of polymer brushes happens, and the real contacting area between collapsed polymer brushes and random coiling linear protein molecules will decrease. In addition, high temperature facilitates the aggregation of proteins. The tethered polymer brushes in the phase transition state probably not only can produce the mutual hydrophobic interaction with denatured nitrilase but also promise the sufficient contacting area. Therefore, it may be deduced that LCST of the grafted P(NIPAM-*co*-BMA) is around 30 °C by combination of the results of refolding yields and DSC curves.

### Reutilization of P(NIPAM-*co*-BMA) Grafted PS Microspheres {#sec2.3.5}

In order to examine the reusability of P(NIPAM-*co*-BMA) grafted PS microspheres, the utilization experiments were performed, and the results are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}.

![Reutilization of 5\# PS-P(NIPAM-*co*-BMA) microspheres on nitrilase refolding at 30 °C.](ao0c00432_0009){#fig9}

As can be seen from [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, when microspheres were used for the second time, the activity yield of nitrilase decreases by only 5.2%. However, the change of this value is very small from the third to the fifth time. The activity yield of nitrilase still reached 74.5% after being reused for five batches, which is 2.0 times that of the dilution method. This shows that the thermoresponsive gigaporous microspheres can be reused and maintain high refolding efficiency.

Conclusions {#sec3}
===========

In order to study the thermoresponsive microspheres-assisted refolding of recombinant nitrilase IBs, eight kinds of P(NIPAM-*co*-BMA) grafted PS microspheres with different particle sizes, pore sizes, and brush grafting amounts were prepared in this work. The existence of PS-P(NIPAM-*co*-BMA) microspheres can effectively improve both the refolding yield and initial nitrilase concentration compared with a simple dilution method, especially around LCST of P(NIPAM-*co*-BMA) brushes. The optimal structural features of PS-P(NIPAM-*co*-BMA) microspheres are medium particle sizes, large pore sizes, and high brush grafting amounts. Another important advantage of the particles is the self-precipitation ability after refolding, which can promote the recovery of the microspheres through facile filtration.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

*N*-isopropylacrylamide (NIPAM, \>98%) was purchased from Tokyo Chemical Industry Co., Ltd. (Japan). Butyl methacrylate (BMA, 99%), styrene, divinylbenzene, sodium sulphate, Span 80, 2-bromoisobutyryl bromide, tris(2-aminoethyl)amine (TREN), and hexadecane were obtained from Chengdu Xiya Chemical Reagent Co., Ltd. (China). Tris\[2-(dimethylamino)ethyl\]amine(Me6TREN) was synthesized, according to the literature procedure.^[@ref28]^ The other chemicals were all purchased from Sinopharm Chemical Reagent Corporation and were of analytical or higher grade.

Preparation and Characterization of P(NIPAM-*co*-BMA) Grafted PS Microspheres {#sec4.2}
-----------------------------------------------------------------------------

The PS microspheres were synthesized by the surfactant reverse micelle swelling method, as described by Ma et al.^[@ref29]^ Then, P(NIPAM-*co*-BMA) brushes were grafted onto these PS microspheres by two step reactions, bromoacetylation, and *in situ* ATRP, according to the method we reported previously.^[@ref30],[@ref31]^ The bromine content of PS microspheres after bromoacetylation was determined by the Volhard back titration method. Schematic reaction route can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf) (Scheme S1). The molar ratio of NIPAM to BMA is 95:5 in this study. Finally, eight kinds of PS-P(NIPAM-*co*-BMA) microspheres were obtained by altering the preparation conditions.

The porous structure of PS microspheres and PS-P(NIPAM-*co*-BMA) was observed by SEM (S-4800, Hitachi, Japan). The diameter and pore size of PS microspheres were determined by the laser particle size analyzer (Coulter LS 230, Beckman, USA) and an Auto Pore IV 9500 mercury porosimeter (Micrometrics, USA), respectively. The specific surface area of particles was measured with an ASAP 2020 (Accelerated Surface Area and Porosimetry System) apparatus (Micromeritics, USA). The hydrophilicity of PS-P(NIPAM-*co*-BMA) microspheres was defined as the ratio of the water content of the wet microspheres relative to the original weight by gravimetric analysis.^[@ref29]^ Briefly, the microspheres were soaked in deionized water and stirred for 6 h in a shaking incubator at a given temperature, then filtered through a sintered glass funnel to remove the external water. Certain mass of wet microspheres were weighed accurately in a weighing bottle and dried at 105 °C in an oven for 2 h, and then, microspheres were weighed again. The static water contact angle was measured by the pendent drop method, as we reported previously.^[@ref32]^ At least three measurements were made for each sample. The amount of P(NIPAM-*co*-BMA) brushes grafted on PS microspheres was determined by element analysis using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, which was based on the assumption that the reactivity of BMA in the monomer mixture is equal to that of NIPAM. The nitrogen content of PS-P(NIPAM-*co*-BMA) microspheres was measured by the total nitrogen and sulfur analyzer (ANTEK 9000 NS, USA).where *N* % is the percent nitrogen content of PS-P(NIPAM-*co*-BMA) (g/g dry particles), *N*(cal)% is the calculated weight percent of nitrogen in NIPAM-*co*-BMA, and *S* is the specific area of PS microspheres in square meters per gram.

In order to estimate the LCST of grafted P(NIPAM-*co*-BMA) brushes on PS microspheres, a linear bipolymer P(NIPAM-*co*-BMA) with the corresponding ratio was also synthesized via ATRP technique. The LCST of the thermoresponsive polymer was measured, according to the method reported previously by UV spectroscopy.^[@ref33]^

DSC (DSC1, Mettler, Switzerland) was also employed to study the thermoresponsive behavior of PS-P(NIPAM-*co*-BMA) microspheres. Before DSC analysis, the thermoresponsive polymer-grafted microspheres were soaked in deionized water and stirred for 6 h in a shaking incubator at 25 °C, then filtered through a sintered glass funnel to remove the external water. The thermal analyses were performed from 5 to 55 °C on the samples at a heating rate of 1.5 °C/min, with a nitrogen purge rate of 40 mL/min.

Protein Expression and Isolation of Nitrilase Inclusion Bodies {#sec4.3}
--------------------------------------------------------------

*E. coli* BL21 (DE3) cells were transformed with pDE1 plasmid vector encoding nitrilase. The transformed cells were grown at 37 °C in a Luria--Bertani (LB) medium containing 50 μL kanamycin to an optical density of 0.6 (OD~600~). Then, isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside was added, and protein expression was induced for 6 h at 25 °C. The cells were collected by centrifugation (8000*g* at 4 °C for 15 min).

To obtain IBs, the cell pellets were resuspended in 4 mL of buffer A (50 mM Na-phosphate, 5 mM DETA, and 100 mM NaCl, pH 8.5) per gram of cells. The suspension was sonicated at 0 °C for 5 min and centrifuged (10,000*g* at 4 °C for 15 min). The pellet obtained was resuspended in buffer B (0.6% Triton X-100, 2.5 M urea, 50 mM Na-phosphate, 1 mM DETA, and 100 mM NaCl, pH 8.5). After stirring for 2 h, the mixture was subjected to centrifugation at 10,000*g* for 10 min. The pellet containing IBs was solubilized in buffer C (8 M urea, 10 mM dithiothreitol, and 50 mM Na-phosphate, pH 8.5) for overnight at 4 °C and subsequently centrifugated (10,000*g* at 4 °C for 10 min) again to remove any insoluble precipitates. The supernatant was then filtered through a 0.22 μm filter and applied onto a Ni-NTA column (10 mL, Qiagen, Germany), which was equilibrated with buffer D (8 M urea, 10 mM imidazole, and 50 mM Na-phosphate, pH 8.5). The unbounded materials were washed by 20 volumes in buffer D. The nitrilase was eluted in buffer E (8 M urea, 300 mM imidazole, and 50 mM Na-phosphate, pH 8.5). Finally, the protein solution was concentrated to approximately 4 mg/mL using a stirred ultrafiltration cell (Millipore, 3 kDa molar mass cut-off).

The protein purity was analyzed with reducing SDS-PAGE using 12% Bis--Tris mini gels (Invitrogen, USA). Proteins were stained with Brilliant Blue Coomassie G-250.

Refolding of the Inclusion Bodies {#sec4.4}
---------------------------------

The purified nitrilase solution was diluted directly into refolding buffer (1.3 mM EDTA, 50 mM Na-phosphate, 1 M urea, 1.3 mM GSSG, 13.3 mM GSH, pH 8.5) at a volume ratio of 1:3. The PS-P(NIPAM-*co*-BMA) microspheres were added to the mixture with a final concentration of 5 mg/mL. Then, the solution was incubated for 14 h at 30 °C with stirring at 150 rpm. At last, the self-precipitated PS-P(NIPAM-*co*-BMA) microspheres was recovered by filtering through a sintered glass funnel, and the filtrate (refolded nitrilase) was collected for the activity assay. For a simple dilution refolding method, the purified nitrilase solution was diluted by 40-fold into refolding. The refolding yields are the means ± SD of at least triplicate samples.

Refolded Nitrilase Assay {#sec4.5}
------------------------

Refolded nitrilase activity was measured using 3-cyanopyridine as a substrate. A reaction mixture of 1 mL (pH 7.2) comprising 200 μL enzyme, 50 mM Na-phosphate, and 50 mM 3-cyanopyridine was employed. After incubation for 10 min at 30 °C, 100 μL of HCl (2 M) was added to terminate the reaction. The activity was determined by measuring the concentration of NH~4~^+^ at 630 nm using a spectrophotometric method.^[@ref34]^ One unit (U) of nitrilase activity was defined as the amount of enzyme producing 1 μmol of NH~4~^+^ per min at 30 °C. The protein concentration was determined using the Bradford method.^[@ref35]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00432](https://pubs.acs.org/doi/10.1021/acsomega.0c00432?goto=supporting-info).Schematic reaction route; particle size distributions; phase transition temperature curve of P(MIPAM-*co*-BMA); images of photographs of water contact angle; hydrophilicity of PS-P(NIPAM-*co*-BMA) microspheres; FT-IR spectra; and SDS-PAGE analysis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00432/suppl_file/ao0c00432_si_001.pdf))
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